See also: **ER Morrissey & L Vermeulen** (October 2014)

Introduction
============

The ability of a stem cell to continually generate offspring for tissue maintenance depends on its ability to remain and renew at the niche. A critical consideration is whether stem cells are eternal and always divide invariantly or whether they function as members of an equipotent population, within which a single stem cell could be lost and replaced stochastically by a neighbor. Recent work has revealed that the latter, termed neutral competition, is an emerging feature of stem cell homeostasis. This model states that individual stem cells can be stochastically lost and replaced by their neighbors, resulting in chance dominance of a clone at the niche. Neutral competition has been established for both vertebrates and invertebrates and in several different tissues (Clayton *et al*, [@b7]; Klein *et al*, [@b27]; Lopez-Garcia *et al*, [@b33]; Snippert *et al*, [@b54]; Doupe *et al*, [@b13]; de Navascues *et al*, [@b39]). However, the fact that loss and gain of stem cells occurs opens the possibility of a transformed stem cell exploiting this process in its favor and achieving clonal dominance. Such behavior theoretically could underlie the observation of tumor-initiating cells in certain types of cancer (Reya *et al*, [@b46]) and has recently been reported for mouse intestinal stem cells (Vermeulen *et al*, [@b65]; Snippert *et al*, [@b55]).

The *Drosophila* testis provides an ideal system for analyzing single stem cell behavior. The niche (called the hub) supports two stem cell populations, germ line stem cells (GSCs) and somatic cyst stem cells (CySCs) (Fig [1A](#fig01){ref-type="fig"} and de Cuevas & Matunis, [@b10]; Hardy *et al*, [@b20]). GSCs give rise to sperm, while CySCs produce somatic cyst cells, which ensheath developing germ cells and are required for germ cell differentiation. Each testis niche harbors approximately 9--14 GSCs, which divide with oriented mitosis perpendicular to the niche, such that one offspring, likely to remain in contact with the niche, self-renews while the other, physically displaced from niche signals, begins differentiation (Yamashita *et al*, [@b71]; Sheng & Matunis, [@b50]). Serially reconstructed electron micrographs of wild-type testes revealed ∼13 somatic cells, presumed to be the CySCs, in contact with the hub in young adults (Hardy *et al*, [@b20]). Most current studies rely on immunofluorescence of nuclear factors in presumptive CySCs and their daughters. The best molecular marker of CySCs is Zfh1, which labels the nucleus of ∼44 cells in wild-type testes (Leatherman & Dinardo, [@b28]; Inaba *et al*, [@b21]; Amoyel *et al*, [@b2]). This value substantially overestimates the true number of CySCs and includes post-mitotic daughter cells that no longer contact the niche. Finally, there is no evidence for oriented division among CySCs (Cheng *et al*, [@b6]), raising the possibility that this population may be subject to different regulation than GSCs. Stem cell loss and replacement has been observed in *Drosophila* gonads, in both somatic and germ lineages, but its significance remains under debate (Margolis & Spradling, [@b34]; Xie & Spradling, [@b69], [@b70]; Zhang & Kalderon, [@b75]; Wallenfang *et al*, [@b67]; Nystul & Spradling, [@b41]). It remains to be resolved whether loss of stem cells reflects their loss of fitness or represents a normal homeostatic process of neutral competition.

![Characterizing the CySC pool\
A Left: Schematic of the apical tip of the *Drosophila* testis. GSCs (red) and CySCs (dark blue) contact the hub (purple). Differentiating progeny move away from the hub to form germ cysts (red), which are ensheathed by two cyst cells (light blue). Center: Boxed enlargement showing that CySCs form a ring around the hub and contact the hub in between the GSCs. The CySC nucleus (dark blue) resides just 'behind' the row of GSCs. A marked CySC (green) will undergo division with possible outcomes depicted at right. Right: In asymmetric renewal (top), the two daughters of the clone give rise to one CySC and one differentiating cyst cell, which ensheaths a gonialblast along with an unmarked cyst cell (light blue). In duplication (middle), both marked daughters remain at the niche as CySCs, displacing an unmarked CySC (blue) in the process. This displaced unmarked cell differentiates into an ensheathing cyst cell. In differentiation (bottom), both daughters of the marked CySC differentiate into cyst cells, resulting in no marked CySCs at the hub.\
B A control testis labeled with Stat92E (green, single channel B'), Ptc (red, single channel B"), and Zfh1 (blue, single channel B'") showing that while some Zfh1-positive cells co-labeled for Ptc and Stat92E (red arrowhead), others were only positive for one factor (yellow arrowhead) or for neither (arrow).\
C CySC MARCM clones labeled with membrane-targeted CD8-GFP (C') showing identifiable single cells, some of which contacted the hub (DE-cadherin, blue) with membrane extensions (arrow in C').\
D--F Clonal analysis, GFP (single channels D'--F') indicates the clone, Vasa (red) labels germ cells and Zfh1 (blue) CySCs and early cyst cells; the hub is indicated by a dotted line. GFP-labeled control clones were generated by the MARCM technique and analyzed at 2 (D) and 14 dpci (E, F). Although clones were small at 2 dpci (D), they varied markedly by 14 dpci (E, F).\
G Variation of average size of control clones as a function of time. The data points (boxes) show the mean fraction of labeled CySCs in persisting clones. The black line shows a fit of the neutral drift model to the data using an induction frequency of CySCs at a ratio of one in 10 (i.e., 10%). The dashed orange line represents the predicted clonal evolution if only a single CySC clone was induced with a time-shift of 3 days with the same set of parameters. One may note that the clone sizes observed from multiple independent induction events and from a single induction event converge rapidly. For details of the neutral drift model and the notation, see Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"}. *n* = 83, 74, 73, 81 for 2, 7, 14, 28 dpci, respectively. Error bars denote SEM.\
H Comparison of observed (boxes) and predicted (line) frequency of clusters of somatic cell clones. Each cluster is presumed to represent an independent labeling event. The line was generated by a least-squares fit and suggests a labeling efficiency of 11% (*q* = 0.11). Error bars denote SEM.\
I Distribution of persisting clone sizes in wild-type testes. The boxes show experimental data, and lines show the predictions of the model. *n* = 83, 74, 73, 81 for 2, 7, 14, 28 dpci, respectively. Error bars denote SEM.](embj0033-2295-f1){#fig01}

The molecular signals governing self-renewal at the testis niche have been well characterized (de Cuevas & Matunis, [@b10]). GSCs are maintained by Bone Morphogenetic Protein (BMP) signals originating from both the hub and CySCs (Shivdasani & Ingham, [@b51]; Kawase *et al*, [@b25]; Leatherman & Dinardo, [@b29]). CySCs require at least two signaling inputs, the Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) and Hedgehog (Hh) pathways, in order to self-renew (Kiger *et al*, [@b26]; Leatherman & Dinardo, [@b28]; Michel *et al*, [@b35]; Amoyel *et al*, [@b2]). Ligands for both pathways, Unpaired (Upd) and Hh, respectively, are produced by the hub cells (Forbes *et al*, [@b17]; Kiger *et al*, [@b26]; Tulina & Matunis, [@b62]; Dinardo *et al*, [@b11]). Two known targets are expressed in CySCs in response to JAK/STAT pathway activation, Zfh1 and Chinmo. Overexpression in CySCs of the JAK Hopscotch (Hop) or of either pathway target results in autonomous hyper-proliferation of CySCs and non-autonomous hyper-proliferation of GSCs, due to BMP production by the CySCs (Leatherman & Dinardo, [@b28], [@b29]; Wang *et al*, [@b68]; Flaherty *et al*, [@b16]). Conversely, Hh activation only regulates the self-renewal and numbers of the CySCs, without affecting the GSC niche (Amoyel *et al*, [@b2]).

Although both stem cells co-exist at the same niche, and although the CySCs are a necessary component of the niche for GSCs, these two populations compete for access to the niche, as revealed by analysis of the mutant phenotype of the JAK/STAT negative feedback regulator *Socs36E* (Issigonis *et al*, [@b23]; Singh *et al*, [@b53]). This reduction of GSCs in *Socs36E* mutants was attributed to increased JAK/STAT signaling in *Socs36E* mutant CySCs, leading to upregulation of integrin-based adhesion and enabling the mutant cells to displace wild-type GSCs and CySCs from the niche.

Here, we characterize CySC behavior by clonal analysis. We found that the behavior of CySCs was consistent with them being lost and replaced stochastically, as predicted by the neutral competition model. For this study, we made clones homozygous mutant for *patched* (*ptc*), which encodes the Hh receptor (Chen & Struhl, [@b4]); loss of *ptc* causes constitutive activation of the pathway. We found that *ptc* mutant CySCs outcompeted both wild-type CySCs and GSCs for niche access. We determined that this phenotype was due to biased competition, skewing normal behavioral dynamics in favor of the mutant cell. We showed that adhesion and JAK/STAT signaling could not cause stem cells to acquire colonizing capabilities. Rather, we showed that simply accelerating proliferation was sufficient to cause a single CySC and its descendants to outcompete wild-type CySCs and GSCs. Furthermore, we established a critical role for the conserved growth regulatory Hippo pathway in regulating competition and self-renewal in CySCs independently of Hh signaling. Thus, we demonstrate that proliferation is the key driver of somatic stem cell behavior and provide a model for how oncogenic mutations can spread throughout a stem cell pool by exploiting a fundamental homeostatic process of stochastic stem cell replacement.

Results
=======

Characterizing the CySC pool
----------------------------

We first attempted to use molecular markers to sub-divide the somatic population near the niche. We reasoned that only a subset of the ∼44 Zfh1-positive cells could constitute the true stem cell pool. We therefore examined whether markers of self-renewal pathways in CySCs---Ptc for Hh and Stat92E for JAK/STAT---were co-expressed. We only found expression of these markers in Zfh1-positive somatic cells located one cell diameter from the hub. Within this group, only a subset co-expressed Ptc and Stat92E (Fig [1B--B'''](#fig01){ref-type="fig"}, red arrowhead), while others expressed only one or neither (Fig [1B](#fig01){ref-type="fig"}--B''', yellow arrowhead and arrow, respectively). This analysis suggests that using the best available molecular markers may not be the most robust method to identify CySCs. Since membrane contact with the niche appears to be the defining feature of stemness in the *Drosophila* testis (Hardy *et al*, [@b20]; de Cuevas & Matunis, [@b10]), we estimated the actual number of CySCs by generating single-cell control MARCM clones (Lee & Luo, [@b30]), expressing a membrane-targeted GFP (Fig [1C](#fig01){ref-type="fig"}). We used this clonal method because labeling all somatic cell membranes did not allow us to determine whether an individual cell contacts the hub or not. Only 30.5% of Zfh1-positive clones (29/95 single cell clones) had membrane extensions contacting the hub (Fig [1C](#fig01){ref-type="fig"}', arrow). Extrapolating this proportion to an average of 43 ± 7 Zfh1-positive cells per testis that we counted in these samples (*n* = 59), we estimated 13 CySCs per testis, consistent with the 12.6 value that has been previously reported (Hardy *et al*, [@b20]). In the genotype we examined, there were 13.2 GSCs (*n* = 34). In the *Drosophila* testis, stem cells are actively dividing, and within the somatic lineage, only CySCs divide (Hardy *et al*, [@b20]; Inaba *et al*, [@b21]). As further confirmation of the number of CySCs, we examined markers of cycling cells, *PCNA-GFP* to mark cells in S-phase (Thacker *et al*, [@b60]) and Cyclin B (CycB) for G2/M. We found 11.2 somatic cells one cell diameter away from the niche undergoing replication that were positive for PCNA (Supplementary Fig [S1A](#sd1){ref-type="supplementary-material"}--A"', arrow). In the same testes, 9.2 out of 12.2 total GSCs on average expressed *PCNA-GFP*, suggesting a 1.3:1 ratio of CySCs to GSCs and by extrapolation a total of ∼15 CySCs. Similarly, in an unrelated genetic background that contained on average 7.9 GSCs, we observed 5.6 GSCs and 5.6 CySCs-expressing CycB (Supplementary Fig [S1B](#sd1){ref-type="supplementary-material"}--B"', arrows). Taken together, these data suggest that GSCs and CySCs exist in a ratio close to 1:1.

Two different models have been proposed to explain stem cell behavior in actively cycling homeostatic tissues; in the first, stem cells are invariant and divide asymmetrically to self-renew and are only rarely lost in cases of damage or loss of fitness. In the other, asymmetry is achieved only at the level of the stem cell population. In the latter case, stem cell populations are dynamic, and their clonal make-up changes according to stochastic variations such that some clones are lost entirely while others expand to occupy empty stem cell berths, through a process termed 'neutral competition' (Simons & Clevers, [@b52]).

We tested these models by generating control *FRT*^*42D*^ MARCM clones that mis-expressed only membrane CD8-GFP and scored the number of labeled somatic cells contacting the hub. While the membrane labeling of clones allows for direct identification of CySCs, this methodology has two drawbacks. First, CySCs outside the clones (which are unmarked) have to be scored more subjectively by their position relative to the hub. Second, once many cells around the niche are labeled, it becomes difficult to distinguish the membranes of individual cells, resulting in a slight overestimation of the total number of CySCs (∼16--21 obtained by this method versus ∼13 obtained above). Therefore, to circumvent this uncertainty, we monitored both the total number of GFP-labeled and unlabeled cells considered to be contacting the hub and used these values to determine the fraction of labeled CySCs as a percentage in each testis.

At 2 days post-clone induction (dpci), we found few GFP-labeled CySCs, consistent with a low clone induction rate (Fig [1D and H](#fig01){ref-type="fig"}, Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"}, see below). To characterize CySC dynamics, we separated testes according to whether they maintained at least one GFP-expressing cell in contact with the hub (termed 'persisting') and those in which all GFP-expressing cells had detached from the hub (termed 'differentiating'). We observed empirically that the mean fraction of labeled CySCs in persisting clones increased steadily as a function of time (Fig [1G](#fig01){ref-type="fig"}), while the number of labeled CySCs in individual clones varied considerably between samples at the same time point, as exemplified by the 14 dpci samples shown in Fig [1E and F](#fig01){ref-type="fig"}. The increased number of labeled CySCs in persisting clones is inconsistent with the model of invariant asymmetric stem cell division as in this scenario this parameter should not change over time. However, the change observed is consistent with CySCs undergoing loss and replacement (Fig [1G](#fig01){ref-type="fig"}).

We next subjected these data to a quantitative analysis, using a parallel approach to that developed to study stem cell dynamics in the murine intestinal crypt (Lopez-Garcia *et al*, [@b33]). The assumptions contained in the model are the following: (1) CySCs form a single equipotent population in which any cell has an equal chance of being lost and replaced; (2) in line with the geometry of the testis, the ensemble of CySCs can be approximated as a one-dimensional 'necklace' of cells around the niche; (3) as CySCs proliferate, some lose contact with the niche and differentiate, and this is perfectly compensated by the duplication of a neighboring CySC to maintain a constant total number of CySCs. By contrast, an asymmetrical CySC division leaves the number of labeled CySCs unchanged (Fig [1A](#fig01){ref-type="fig"}). As a simplification, we do not take into account GSCs, which are simply regarded as a separate lineage with their own fate behavior. In this modeling scheme, clonal dynamics of the CySC compartment is dependent upon only two parameters---the CySC loss/replacement rate, λ, and the total number of CySCs contacting the hub, N (see Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"}). Since CySC divisions that lead to asymmetric fate outcome do not change the number of marked CySCs in a clone, the clonal fate data are insensitive to the CySC division rate.

To implement the modeling scheme, it is important to define the labeling efficiency of the *FRT*^*42D*^ MARCM system. From the frequency of unlabeled testes at 2 dpci, we estimated a labeling efficiency of around 10% for each of the 13 CySCs following the heat shock. At this level of induction, we therefore expect that testes will experience multiple induction events, leading to isolated "clusters" of GFP-expressing cells. By comparing the predicted frequency of clusters with direct measurements at 2 dpci, a least-squares fit suggested a labeling efficiency of q = 11% (Fig [1H](#fig01){ref-type="fig"}), consistent with the observed frequency of unlabeled testes. With the labeling efficiency and CySC number defined, only the CySC loss/replacement rate, λ, remained to be determined.

To fix the loss/replacement rate, we compared the predictions of the model with measurements of the average fraction of labeled CySCs in persisting clones using an induction frequency of 10%. Adjusting the loss/replacement rate, we found that the mean fraction of labeled CySCs could be well reproduced by a loss/replacement rate of λ = 0.84 ± 0.05 per day (Fig [1G](#fig01){ref-type="fig"}, compare lines and boxes). However, alongside the mean fraction, the model also predicts the variation in the size distribution of individual clones as a function of time post-induction. Taking the inferred loss/replacement rate and induction frequency, we found that the model provides an excellent prediction of the measured cumulative clone size distribution (Fig [1I](#fig01){ref-type="fig"}, compare lines to boxes), defined as the fraction of testes that have a fraction of labeled CySCs larger than the given value. (We note that N and λ exist in a fixed ratio N^2^/λ (see Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"}), meaning that the fit to a model with a different N would generate quite reasonable agreement with the data. However, for a larger N, we would require a proportionately larger λ, potentially in excess of the CySC division rate.) Taken together, these empirical and modeling data strongly suggest that the ∼13 CySCs in a wild-type testis produce equivalent offspring which have stochastic fates.

Given the potential uncertainty of the membrane labeling method as a means to identify CySCs, we chose to challenge our findings by following a second unbiased (albeit less direct) approach to measuring CySC number and scoring clones. We generated control MARCM clones on two separate chromosome arms (*FRT*^*40A*^ and *FRT*^*42D*^) that mis-expressed only nuclear GFP and scored the size of CySC clones relative to the total Zfh1-positive population and the clone recovery rate (percentage of testes with any marked clone positive for Zfh1) at various times after clone induction. We assumed that each CySC contributes equally to the total Zfh1-positive pool and counted the number of Zfh1-positive cells (N) that were labeled with the clone marker and expressed this as a fraction N/43 where 43 was the average number of Zfh1-positive cells found per testis (see above). At 2 dpci, we found few GFP-labeled Zfh1-positive cells, consistent with a low clone induction rate (q = 0.18 for *FRT*^*40A*^ and q = 0.3 for *FRT*^*42D*^ (Supplementary Fig [S2A](#sd2){ref-type="supplementary-material"} and [B](#sd2){ref-type="supplementary-material"} and Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"})). At 14 dpci, individual clones varied considerably between samples at the same time point (Supplementary Fig [S2C](#sd2){ref-type="supplementary-material"} and [D](#sd2){ref-type="supplementary-material"}). Using this method, we obtained similar results to those observed for membrane labeling: the mean fraction of labeled CySCs increased as a function of time (Supplementary Fig [S2E](#sd2){ref-type="supplementary-material"} and [F](#sd2){ref-type="supplementary-material"}) and the number of testes harboring labeled clones decreased over time (Supplementary Fig [S2G](#sd2){ref-type="supplementary-material"} and [H](#sd2){ref-type="supplementary-material"}). Quantitative analysis of nuclear GFP MARCM control clones (Supplementary Fig [S2E--J](#sd2){ref-type="supplementary-material"}) revealed that they obeyed similar neutral drift dynamics to the membrane CD8-GFP MARCM control clones (Fig [1D--I](#fig01){ref-type="fig"}). Importantly, we were able to infer a CySC loss/replacement rate of around once per day, which is comparable to the loss/replacement rate of 0.84 per day inferred from the earlier modeling scheme (see above). Using two different labeling methods, generating clones on two chromosome arms, scoring CySCs by two independent methods, we reach a similar conclusion: CySCs are lost and replaced stochastically and obey neutral drift dynamics.

*ptc* mutant CySCs skew neutral drift dynamics and outcompete wild-type CySCs
-----------------------------------------------------------------------------

The dynamics of neutral stem cell competition have been reported in mammalian and *Drosophila* stem cells (Wallenfang *et al*, [@b67]; Clayton *et al*, [@b7]; Klein *et al*, [@b27]; Lopez-Garcia *et al*, [@b33]; Snippert *et al*, [@b54]; de Navascues *et al*, [@b39]), but mutations that co-opt the homeostatic mechanisms underlying this process for the benefit of the mutant cell have only recently been described (Vermeulen *et al*, [@b65]; Snippert *et al*, [@b55]). We and others previously showed that Hh signal reception is required for the maintenance of CySC fate. CySCs that are unable to transduce the Hh signal are lost from the niche and differentiate (Michel *et al*, [@b35]; Amoyel *et al*, [@b2]). Here, we studied the effect of clonal gain of Hh signaling by making clones homozygous mutant for *patched* (*ptc*). Cells lacking *ptc* function can no longer inhibit Smoothened activity and experience sustained ligand-independent Hh signal transduction (Ingham *et al*, [@b22]; Chen & Struhl, [@b4]). We examined *FRT*^*42D*^ *ptc* mutant CD8-GFP MARCM clones as compared to the appropriate control, that is, *FRT*^*42D*^ CD8-GFP MARCM control clones. Similar to control, we found few GFP-labeled *ptc* mutant CySCs at 2 dpci (Fig [2A](#fig02){ref-type="fig"}). In contrast to control clones, *ptc* mutant clones contained more labeled CySCs on average by 14 dpci and were often seen to take over the entire somatic lineage, presumably by causing the displacement of wild-type CySCs (Fig [2B](#fig02){ref-type="fig"}, compare boxes in Fig [2C](#fig02){ref-type="fig"} to those in Fig [1G](#fig01){ref-type="fig"}). We counted unlabeled CySCs in control and *ptc* samples and found that there were significantly fewer when *ptc* mutant clones were present (Fig [2E](#fig02){ref-type="fig"}, *P* \< 0.004). These results indicated that *ptc* mutant CySCs expanded at the expense of their wild-type neighbors. However, like control clones, the frequency of persistent *ptc* mutant CySC clones decreased over time (Fig [8E](#fig08){ref-type="fig"}, red line). These results show that *ptc* clones could differentiate, indicating that they are not locked in a perpetual state of stem cell self-renewal, which is consistent with a prior report (Michel *et al*, [@b35]). Indeed, we observed differentiating *ptc* mutant cyst cells ensheathing spermatogonial cysts similar to control clones (Supplementary Fig [S3A](#sd3){ref-type="supplementary-material"} and [B](#sd3){ref-type="supplementary-material"}). This represents a different situation from a previously observed instance of stem cell competition, where stem cells in the ovary that cannot differentiate eventually replaced their wild-type neighbors (Jin *et al*, [@b24]). Thus, these data suggest that *ptc* mutant CySCs have a competitive advantage over wild-type CySCs in effecting stem cell replacement.

![Neutral drift dynamics are skewed by *ptc* mutant clones\
A, B Clonal analysis, GFP (single channels A', B') indicates the clone, Vasa (red, single channels A", B") labels germ cells and Zfh1 (blue, single channels A'", B'") CySCs and early cyst cells; the hub is indicated by a dotted line. GFP-labeled *ptc* mutant clones were generated by the MARCM technique and analyzed at 2 (A) and 14 dpci (B). Arrow (B--B'") shows displacement of GSCs by *ptc* mutant CySCs.\
C Variation of average size of *ptc* mutant clones as a function of time. The data points (boxes) show the mean fraction of labeled CySCs in persisting clones. The black line shows a fit of the neutral drift model, modified to have a bias in favor of the labeled cell, to the data using an induction frequency of 10%. The dashed orange line represents the predicted clonal evolution if only a single CySC clone were induced with a time-shift of 3 days with the same set of parameters. One may note that the clone sizes observed from multiple independent induction events and from a single induction event converge rapidly. For details of the biased drift model and the notation, see Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"}. *n* = 63, 81, 79, 66 for 2, 7, 14, 28 dpci, respectively. Error bars denote SEM.\
D Distribution of clone sizes of persistent *ptc* mutant clones. The boxes show experimental data, and lines show the predictions of the model. Error bars denote SEM.\
E Number of unlabeled CySCs at 14 dpci in testes containing either control (green) or *ptc* mutant (red) clones. Lines show mean and standard deviation. Asterisks denote statistically significant difference from control. *n* = 73 and 79 for control and *ptc* mutant, respectively.\
F Number of GSCs at 14 dpci when control or *ptc* CySC clones were present. *ptc* mutant CySCs displaced wild-type GSCs, leading to a significant decrease in the number of GSCs. Asterisks denote statistically significant difference from control. *n* = 48 and 49 for control and *ptc* mutant, respectively. Error bars denote SEM.](embj0033-2295-f2){#fig02}

To assess whether the dynamics of *ptc* mutant clones represent a biasing of the neutral competition process toward persistence, we sought for the simplest revision of the neutral drift model which could accommodate the observed behavior. In particular, we assumed that, following the loss of a CySC (control or *ptc* mutant) through commitment to differentiation, a neighboring *ptc* mutant CySC will have a higher chance of replacing it through symmetric cell division than a wild-type neighboring CySC. We also assumed that the competitive advantage of the *ptc* mutant CySC is sustained since the loss rate of CySCs is not differentially affected by *ptc* mutation. Once again, using the frequency of unlabeled testes at 2 dpci, we inferred a CySC labeling efficiency of around 10%, similar to the control. Then, taking the loss/replacement rate of wild-type CySCs to be unperturbed from its control value, by adjusting the bias of *ptc* mutant CySCs away from loss and toward replacement (by around 35%), we found a good agreement between the model dynamics and the experimental data (Fig [2C](#fig02){ref-type="fig"}, compare lines and boxes, and Supplementary [Materials and Methods](#sd10){ref-type="supplementary-material"}). Significantly, taking these model parameters, comparison of the cumulative clone size distribution revealed an excellent agreement of the model prediction with the data over the range of time points (Fig [2D](#fig02){ref-type="fig"}, compare lines and boxes).

Once again, we repeated this experiment using the alternative labeling and scoring method in which CySC number is estimated by the labeled fraction of Zfh1-expressing cells. We analyzed *FRT*^*42D*^ *ptc* mutant nuclear GFP MARCM clones as compared to *FRT*^*42D*^ nuclear GFP MARCM control clones (compare Supplementary Fig [S4A](#sd4){ref-type="supplementary-material"} and [B](#sd4){ref-type="supplementary-material"} to Supplementary Fig [S2B](#sd2){ref-type="supplementary-material"} and [D](#sd2){ref-type="supplementary-material"}). We found that the number of these *ptc* mutant CySCs increased faster than control CySCs and that they were lost less frequently (compare boxes in Supplementary Fig [S4C](#sd4){ref-type="supplementary-material"} and [D](#sd4){ref-type="supplementary-material"} to those in Supplementary Fig [S2F](#sd2){ref-type="supplementary-material"} and [H](#sd2){ref-type="supplementary-material"}), similar to the results obtained for the membrane labeling experiment. Finally, we carried out modeling using the same bias as before (Supplementary Fig [S4C--E](#sd4){ref-type="supplementary-material"}, lines) and found that the computational output for number and distribution of CySCs as well as clone recovery rate was well matched to the experimental data for *FRT*^*42D*^ *ptc* mutant nuclear GFP MARCM clones. Taken together, the data indicate that the behavior of *ptc* mutant clones is consistent with a biasing of competition between stem cells.

*ptc* mutant CySCs outcompete wild-type GSCs
--------------------------------------------

As a readout for the competitive activity of *ptc* mutant CySCs, we also quantified the number of GSCs (defined as Vasa-positive cells in contact with the niche) in testes with control or *ptc* mutant CySCs at 14 dpci. Indeed, we found that GSC number was significantly reduced (*P* \< 0.0001) non-autonomously when *ptc* mutant CySC clones were present (Fig [2F](#fig02){ref-type="fig"}, red bar). At the same time, colonizing CySCs contacted the hub in place of the outcompeted GSCs (Fig [2B](#fig02){ref-type="fig"}, arrow, Supplementary Fig [S4B](#sd4){ref-type="supplementary-material"}), similar to the phenotype described for *Socs36E* (Issigonis *et al*, [@b23]). GSC loss was only observed once the majority of CySCs were replaced by *ptc* mutant CySCs (Supplementary Fig [S4F](#sd4){ref-type="supplementary-material"}), suggesting a sequential outcompetition of first wild-type CySCs and then wild-type GSCs by *ptc* mutant CySCs. The fact that *ptc* mutant CySCs had normal levels of factors that mediate GSC extended niche function, that is, Stat92E and Zfh1 (Leatherman & Dinardo, [@b29]) (Fig [3A](#fig03){ref-type="fig"}, Supplementary Fig [S5](#sd5){ref-type="supplementary-material"}, arrows, for Stat92E; Fig [2B](#fig02){ref-type="fig"}, Supplementary Fig [S4B](#sd4){ref-type="supplementary-material"} for Zfh1), strongly suggests that GSC loss is not due to lack of appropriate support from *ptc* mutant CySCs. Thus, gain of Hh signaling results in niche colonization by the mutant cell, as a consequence of the displacement of resident wild-type CySCs and GSCs at the niche.

![Clonal overactivation of the Hh pathway, but not JAK/STAT, causes niche competition phenotypes\
A No increase in Stat92E staining (red, single channel in A") was seen in a *ptc* mutant CySC (green, arrow, single channel in A') compared to neighboring wild-type CySCs (arrowhead) at 2 dpci. Somatic cells were labeled with Tj (blue, single channel in A'"). See also Supplementary Fig [S5](#sd5){ref-type="supplementary-material"} for Stat92E staining in clones at 7 and 14 dpci.\
B--G MARCM clones at 14 dpci, with single channels showing the clone marker GFP in (B'--F'), Vasa in red and Zfh1 (B, C) or Tj (D--F) in blue. Control clones (B, C) showed variation in the number of cells labeled. Overexpression of Ci^Act^ (D) or RNAi against *ptc* (E) recapitulated the *ptc* mutant phenotype (compare with Fig [2B](#fig02){ref-type="fig"}), but overexpression of Hop did not (F). Hop overexpression activated JAK/STAT signaling (G), as seen by stabilization of Stat92E protein (blue, single channel in G') in the clones (green, arrows).\
H Number of GSCs at 14 dpci when CySC clones of the indicated genotype were induced. Hop overexpression did not affect GSC number, while Ci^Act^ and *ptc* RNAi-expressing clones caused loss of GSCs, similar to *ptc* mutant clones (see Fig [2F](#fig02){ref-type="fig"}). Asterisks denote statistically significant change from control. *n* = 15, 24, 27, 8 for control, UAS-Hop, UAS-Ci^Act^, UAS-*ptc* RNAi, respectively. Error bars denote SEM.\
I Number of GSCs at 14 dpci when control or *ptc* mutant CySCs were present, showing an enhancement of GSC loss when *ptc* mutant clones were induced in a background lacking one copy of the *Stat92E* gene. Asterisks denote statistically significant change from the *ptc* mutant clones alone. *n* = 48 (control), 36 (control; *Stat92E*/+), 49 (*ptc*), 20 (*ptc*; *Stat92E*/+). Error bars denote SEM.](embj0033-2295-f3){#fig03}

JAK/STAT signaling, adhesion and cell competition factors are not causal to niche competition
---------------------------------------------------------------------------------------------

Several possibilities could explain niche colonization by *ptc* mutant CySCs. We ruled out the trivial explanation that the niche size was altered in testes with *ptc* mutant clones (Supplementary Table [S1](#sd8){ref-type="supplementary-material"}). We next tested whether an increase in integrin-based adhesion downstream of Stat92E, as proposed for *Socs36E* mutants (Issigonis *et al*, [@b23]), caused *ptc* mutant CySCs to anchor more securely to the niche. We previously found no epistatic relationship between Hh and STAT signaling in the testis (Amoyel *et al*, [@b2]). Consistent with this, we found that Stat92E levels were unchanged in *ptc* mutant CySCs (Fig [3A--A'''](#fig03){ref-type="fig"}, arrow, Supplementary Fig [S5](#sd5){ref-type="supplementary-material"}). We used the MARCM technique to assess whether the clonal overexpression of various factors could induce niche competition. As expected, control clones that only overexpressed GFP had variable clone sizes (Fig [3B and C](#fig03){ref-type="fig"}). By contrast, clonal overexpression of either a constitutively active form of the Hh signal transducer Cubitus interruptus (Ci^Act^) (Price & Kalderon, [@b45]) or of an RNAi hairpin against *ptc* recapitulated the *ptc* mutant phenotype (Fig [3D and E](#fig03){ref-type="fig"}) and caused a statistically significant reduction of GSCs (Fig [3H](#fig03){ref-type="fig"}, *P* \< 0.0001 for both Ci^Act^ and *ptc* RNAi), thus validating our technique. Surprisingly, clonal hyper-activation of Stat92E by mis-expression of Hop did not cause CySC clones to compete with either wild-type CySCs or with GSCs (Fig [3F and H](#fig03){ref-type="fig"}), despite clearly elevated levels of Stat92E in the clone (Fig [3G](#fig03){ref-type="fig"}, arrows), a well-established readout of Stat92E activity (Chen *et al*, [@b5]). We reasoned that if the *ptc* mutant phenotype was due to elevated Stat92E levels in CySCs, we could suppress *ptc*-dependent GSC loss by removing a copy of *Stat92E*. The number of GSCs in *Stat92E*/+ heterozygotes was indistinguishable from wild type (Fig [3I](#fig03){ref-type="fig"}, dark green bar). However, GSC loss was actually enhanced when *ptc* mutant clones were induced in a *Stat92E*/+ heterozygous background (Fig [3I](#fig03){ref-type="fig"}, red bar, *P* \< 0.008), presumably due to the role of Stat92E in GSC-hub adhesion (Leatherman & Dinardo, [@b29]).

We also examined whether the *ptc* mutant phenotype could be ascribed to changes in cell-matrix (integrin) or cell--cell (cadherin) adhesion. We did not detect changes in βPS-integrin in *ptc* clones (Fig [4A](#fig04){ref-type="fig"}, arrow), in contrast to the observations reported for *Socs36E* mutants (Issigonis *et al*, [@b23]). Furthermore, clonal overexpression of βPS-integrin, or a dominant-active form of Talin (TalinH), which strengthens integrin adhesion (Tanentzapf & Brown, [@b57]), neither recapitulated the *ptc* phenotype nor induced competition with CySCs and GSCs (Fig [4C and H](#fig04){ref-type="fig"}). Importantly, we found that *rhea*, which encodes the *Drosophila* Talin, was dispensable for CySC self-renewal (Fig [4E--G](#fig04){ref-type="fig"}). DE-cadherin levels did not change in *ptc* mutant clones (Fig [4B](#fig04){ref-type="fig"}, arrow). Moreover, clonal mis-expression of DE-cadherin also did not cause niche colonization (Fig [4D and H](#fig04){ref-type="fig"}). Furthermore, competition caused by *ptc* mutant clones was not altered by reducing the genetic dose of α*-Catenin*, which connects DE-cadherin to the cytoskeleton (Sarpal *et al*, [@b49]) (Fig [4I](#fig04){ref-type="fig"}). Although one mutant allele of *rhea* partially suppressed the *ptc* phenotype (Fig [4I](#fig04){ref-type="fig"}, *P* \< 0.65 for *rhea*^*1*^ and *P* \< 0.051 for *rhea*^*6-66*^), this is likely to be an indirect effect of loosening the tethering of the hub to the muscle sheath and allowing more stem cells to surround the hub (Tanentzapf *et al*, [@b58]). Consistent with this, there were more GSCs in testes from *rhea/+* heterozygous animals (Fig [4I](#fig04){ref-type="fig"}). These data strongly suggest that increased adhesion does not skew neutral drift dynamics in CySCs.

![Increased adhesion is not causal to niche competition\
A, B *ptc* mutant clones did not upregulate adhesion molecules. No change in βPS-integrin (A, red, single channel in A') or in DE-cadherin expression (B, blue, single channel in B') was seen at the hub in testes with *ptc* mutant clones (green). Vasa labels germ cells in red (B), Tj labels somatic cells in blue (A). The hub is indicated with a dotted line.\
C, D GFP-positive MARCM clones (green, single channels in C',D') overexpressing βPS-integrin (C) or DE-cadherin (D) did not outcompete neighboring wild-type CySCs or GSCs. Vasa labels germ cells in red, Tj labels somatic cells in blue. The hub is indicated with a dotted line.\
E, F Control (E) and *rhea* mutant (F) MARCM clones showing marked CySCs which contacted the hub at 7 dpci (arrows). Vasa labels germ cells in red, Tj labels somatic cells in blue. The hub is indicated with a dotted line.\
G CySC clone recovery rates at 2 (blue bars) and 7 (red bars) dpci for control (left) and *rhea* mutant (right). The presence of *rhea* mutant clones at the niche at the 7-day time point indicates that *rhea* was not required in CySCs for self-renewal. *n* = 38 and 24 for control at 2 and 7 dpci, respectively, and *n* = 9 and 49 for *rhea*^*1*^ at 2 and 7 dpci, respectively.\
H Number of GSCs present when CySC clones of the indicated genotype were generated at 14 dpci. Overexpression of βPS-integrin, TalinH or DE-cadherin did not affect GSC numbers. *n* = 15, 19, 25, 17 for control, UAS-βPS-integrin, UAS-TalinH or UAS-DE-cadherin, respectively. Error bars denote SEM.\
I Number of GSCs when *ptc* mutant CySC clones were present along with a single mutant copy of the indicated genes at 14 dpci. Reduction of α*-cat* had no effect on the *ptc* phenotype, while one *rhea* allele partly suppressed GSC loss. *n* = 48 (control); 21 (control; *rhea*^*1*^/+); 49 (*ptc*); 26 (*ptc*; α*-cat*/+); 19 (*ptc*; *rhea*^*6-66*^/+); 35 (*ptc*; *rhea*^*1*^/+). Error bars denote SEM.](embj0033-2295-f4){#fig04}

An alternative explanation for the *ptc* phenotype is that *ptc* mutant CySCs induce death in neighboring wild-type cells, akin to classical cell competition in which more robust cells kill and take the place of weaker cells (Amoyel & Bach, [@b1]). A key process in cell competition is ribosomal function, which in turn is dependent on optimal levels of the cellular growth regulator dMyc and of ribosomal subunits, encoded by *Minute* genes (*M*) (Morata & Ripoll, [@b37]; de la Cova *et al*, [@b9]; Moreno & Basler, [@b38]). Clonal overexpression of dMyc, which causes cell competition in imaginal discs (de la Cova *et al*, [@b9]), did not cause niche colonization or loss of GSCs (Supplementary Fig [S6A](#sd6){ref-type="supplementary-material"} and [B](#sd6){ref-type="supplementary-material"}). Similarly, testes from a *M*/+ animal harboring wild-type clones (labeled *M*^+^), which normally predominate in a *M/+* heterozygous background, contained a normal complement of GSCs (Supplementary Fig [S6B](#sd6){ref-type="supplementary-material"}). Finally, we found no evidence of cell death in testes with *ptc* mutant clones (Supplementary Fig [S6C](#sd6){ref-type="supplementary-material"} and [D](#sd6){ref-type="supplementary-material"}), and removing a copy of the pro-apoptotic gene *hid* (which suppresses dMyc-dependent cell competition) did not suppress *ptc*-dependent competition (Supplementary Fig [S6E](#sd6){ref-type="supplementary-material"}, red bar).

*ptc* mutant CySCs proliferate faster than controls
---------------------------------------------------

Having ruled out increased JAK/STAT signaling or adhesion as causal factors in niche competition, we reasoned that proliferation might be a driving force of clone dominance within the stem cell pool. We therefore tested whether *ptc* mutant CySCs had an altered rate of proliferation relative to control clones and, in doing so, might outcompete wild-type CySCs in the race to replace neighbors. Labeling with 5-ethynyl-2′-deoxyuridine (EdU) revealed that *ptc* mutant CySCs had a higher S-phase index than control clones (Fig [5A, B and E](#fig05){ref-type="fig"}, *P* \< 0.0001). The E2f-responsive reporter *PCNA-GFP* is a marker of S-phase and was normally expressed at higher levels in GSCs than in CySCs (Supplementary Fig [S1A](#sd1){ref-type="supplementary-material"}'). However, in *ptc* mutant CySCs, *PCNA-GFP* was upregulated to the level observed in GSCs (Fig [5D](#fig05){ref-type="fig"}, arrowhead, quantified in Fig [5F](#fig05){ref-type="fig"}). *ptc* mutant CySC clones also had increased M phase (Michel *et al*, [@b35]), suggesting that *ptc* clones accelerate proliferation as opposed to shortening only one phase of the cell cycle. We examined a protein-trap reporter for *string* (*stg*, the *cdc25* homolog in *Drosophila*; Edgar & O'Farrell, [@b15]). *Stg-GFP* was upregulated in *ptc* mutant cells (Fig [5C](#fig05){ref-type="fig"}, arrowheads).

![*ptc* mutant CySCs proliferate faster than controls\
A, B There was an increase in the S-phase index in CySCs mutant for *ptc*. Quantification of S-phase in control (A) or *ptc* mutant (B) clones. Clones expressing GFP (green, single channel A', B') were labeled with Tj (red, single channel A", B") and EdU (blue, single channel A"', B'"). Triply labeled cells (yellow arrowheads) were counted as a ratio of total cells double positive for GFP and Tj, with quantification shown in (E).\
C *stg-GFP* (green, single channel C') was upregulated in *ptc* mutant CySCs (yellow arrowheads). Zfh1 (red, single channel C") labels CySCs, and their offspring and clones are identified by loss of the βgal marker (blue, single channel C'").\
D *PCNA-GFP* (green, single channel D') was upregulated in *ptc* mutant clones. Clones are labeled by loss of βgal (blue, single channel D"'). Zfh1 (red, single channel D") marks CySCs and their offspring. Arrow shows control CySC, and arrowhead shows a *ptc* mutant CySC.\
E S-phase index. See legend of (A) above. Asterisks denote statistically significant change from control. Error bars denote SEM.\
F Quantification of *PCNA-GFP* fluorescence intensity in control or *ptc* mutant CySCs. *n* = 11 for both genotypes. An asterisk denotes statistically significant change from control. Error bars denote SEM.](embj0033-2295-f5){#fig05}

Increased proliferation downstream of *ptc* is necessary and sufficient for colonizing behavior
-----------------------------------------------------------------------------------------------

We next addressed if the competitive behavior of *ptc* mutant CySCs depended on their ability to increase their proliferation rate. To accomplish this, we removed one copy of *stg* and counted the number of labeled CySCs and of GSCs at the niche. In a *stg*/+ heterozygous background, the number of *ptc* mutant CySCs was significantly reduced (Fig [6A](#fig06){ref-type="fig"}, *P* \< 0.034), suggesting that *ptc* mutant CySCs have a reduced competitive advantage when *stg* is limiting. In addition, in a *stg*/+ background, the outcompetition of GSCs by *ptc* mutant CySCs was significantly suppressed (Fig [6B](#fig06){ref-type="fig"}, red bar, *P* \< 0.008). We note that the number of GSCs was not changed in *stg*/+ heterozygotes when control clones were present (Fig [6B](#fig06){ref-type="fig"}, dark green bar). These data indicate that increased proliferation downstream of Ptc is necessary for niche competition in the *Drosophila* testis and that CySC--CySC and CySC--GSC competitive interactions are related, making GSC number a good readout for CySC competitiveness.

![Increased proliferation downstream of *ptc* is necessary and sufficient for colonizing behavior\
A, B Loss of one copy of *stg* suppressed the *ptc* mutant phenotype at 14 dpci. Graph showing number of labeled CySCs in the indicated genotypes (A). Lines in (A) show mean and standard deviation. *n* = 36 (control), 59 (*ptc*), 31 (*ptc*; *stg*/+). Graph showing the number of GSCs when CySC clones were present in the indicated genotype (B). Asterisks denote statistically significant change from the *ptc* mutant clones alone (A, B). *n* = 48 (control), 10 (control; *stg*/+), 49 (*ptc*), 17 (*ptc*; *stg*/+). Error bars in (B) denote SEM.\
C Graph showing the number of GSCs when CySC clones were present in the indicated genotypes at 14 dpci. An asterisk indicates statistically significant suppression of the *ptc* mutant phenotype. *n* = 48 (control), 25 (control; *Akt*/+), 21 (control; *InR*/+), 30 (control; *S6k*/+), 19 (control; *cdk2*/+), 21 (control, *E2f*/+), 49 (*ptc*), 21 (*ptc*; *Akt*/+), 30 (*ptc*; *InR*/+), 35 (*ptc*; *S6k*/+), 28 (*ptc*; *cdk2*/+), 30 (*ptc*, *E2f*/+). Error bars denote SEM.\
D Graph showing the total number of labeled cells within control clones (blue line) or clones overexpressing UAS-CycE + UAS-Stg (red line) at 48, 72, and 96 h pci. *n* = 21, 21, and 26 for control at 48, 72, and 96 h pci, respectively. *n* = 6, 12, and 15 for UAS-CycE+UAS-Stg at 48, 72 and 96 h pci, respectively.\
E Clonal overexpression of CycE and Stg caused CySC overproliferation and GSC loss. Clones are labeled by GFP expression (green, single channel E'), Vasa (red, single channel E") marks germ cells, and Tj (blue, single channel E'") marks the somatic lineage. The hub is indicated by a dotted line.\
F Quantification of GSC loss in the presence of CycE+Stg overexpressing CySC clones. Asterisks denote statistically significant difference from control. *n* = 15 and 22 for control and UAS-CycE, UAS-Stg, respectively. Error bars denote SEM.](embj0033-2295-f6){#fig06}

To corroborate the hypothesis that increased proliferation is necessary for niche competition by CySCs and to determine which pathways are normally active in CySCs, we examined other cellular growth and proliferation factors for their ability to rescue the *ptc* mutant phenotype when reduced. Removing one copy of the gene *E2f,* which encodes an S-phase regulator (Duronio *et al*, [@b14]), partially suppressed the loss of GSCs; similar genetic interactions were found with *cdk2*, which encodes a cyclin-dependent kinase (Lehner & O'Farrell, [@b32]) (Fig [6C](#fig06){ref-type="fig"}, *P* \< 0.04, and *P* \< 0.02, respectively). We note that GSC number was not changed in *E2f*/+, *cdk2*/+ or in any of the heterozygous backgrounds tested below (Fig [6C](#fig06){ref-type="fig"}). In *Drosophila*, cellular growth and proliferation are genetically separable (Neufeld *et al*, [@b40]), so we also tested whether increased cellular growth was required for CySC colonization. Removal of one copy of the gene encoding the *Drosophila* Insulin receptor, *InR*, or genes encoding its effectors *Akt1* and *S6k*, did not suppress niche colonization by *ptc* mutant clones (Fig [6C](#fig06){ref-type="fig"}) (Chen *et al*, [@b3]; Montagne *et al*, [@b36]; Verdu *et al*, [@b64]). In fact, clonal mis-expression of *Drosophila* Phosphoinositide 3-kinase (PI3K) Dp110, or clonal loss of PI3K pathway inhibitors *Tsc1* or *Pten*, was incompatible with CySC fate (Supplementary Fig [S7](#sd7){ref-type="supplementary-material"} and Supplementary Table [S2](#sd9){ref-type="supplementary-material"}) (Leevers *et al*, [@b31]; Goberdhan *et al*, [@b18]; Potter *et al*, [@b44]; Tapon *et al*, [@b59]). Consistently, we also recovered fewer dMyc-expressing CySC clones at 14 dpci compared to control (Supplementary Table [S2](#sd9){ref-type="supplementary-material"}). Thus, cell cycle progression is essential for CySCs to gain an advantage over their neighbors at the niche, while excessive activation of cellular growth pathways like PI3K and dMyc is detrimental to CySC function.

We next tested whether increasing proliferation was sufficient to cause niche competition by expressing the G1/S-phase promoting factor CyclinE (CycE) and G2/M-phase promoting factor Stg together in a clonal fashion. In imaginal discs, clonal overexpression of these factors together led to marked acceleration of the cell cycle and increased cell number (Neufeld *et al*, [@b40]). We found that CycE+Stg overexpressing clones with at least one labeled CySC grew at a faster rate than control clones, indicating that CycE+Stg overexpression also led to cell cycle acceleration in the testis (Fig [6D](#fig06){ref-type="fig"}). Strikingly, CycE+Stg overexpressing clones outcompeted both wild-type CySCs and GSCs at the niche (Fig [6E and F](#fig06){ref-type="fig"}, *P* \< 0.004), in a manner reminiscent of *ptc* mutant clones. Combined, these data indicate that proliferation downstream of *ptc* is necessary and sufficient to induce competition at the niche. Thus, altering the rate of cell division skews the stochastic process of stem cell loss and replacement at the niche in favor of the faster proliferating CySCs, and disrupting the normal homeostatic balance between GSCs and CySCs, in favor of the latter.

The Hippo pathway regulates proliferation, self-renewal, and niche competition independently of Hh
--------------------------------------------------------------------------------------------------

As a proof of concept for the central role of proliferation in niche competition, we examined a universal regulator of proliferation, the Hippo (Hpo) pathway (Pan, [@b43]) using clonal assays. Hpo restrains the activity of the transcriptional co-activator Yorkie (Yki), the *Drosophila* homolog of Yes-associated protein (YAP), which is oncogenic in flies and mice (Dong *et al*, [@b12]). We noted that this pathway was active in the soma, as seen by expression of the pathway target *expanded (ex)-lacZ* (Hamaratoglu *et al*, [@b19]) (Fig [7A](#fig07){ref-type="fig"}). Next, we generated *hpo* mutant clones and measured the number of mutant CySCs at several time points. We note that *FRT*^*42D*^ CD8-GFP *hpo* mutant MARCM clones were induced at rates comparable to *FRT*^*42D*^ CD8-GFP control MARCM clones (compare Fig [7B](#fig07){ref-type="fig"} to Fig [1D](#fig01){ref-type="fig"}). Strikingly, *hpo* mutant clones displayed overproliferation and colonized the niche at the expense of wild-type stem cells (Fig [7C and F](#fig07){ref-type="fig"}). Importantly, *hpo* mutant cyst cells differentiated normally and were readily observed ensheathing spermatogonial cysts (Supplementary Fig [S3C](#sd3){ref-type="supplementary-material"}).

![*hpo* mutant CySCs also skew neutral drift dynamics and outcompete GSCs\
A *ex-lacZ* (green, single channel A') expression in the testis was observed in the somatic lineage (Zfh1, blue, single channel A'") near the hub (DE-cadherin, red, single channel A").\
B, C Clonal analysis, GFP (single channels, B', C') indicates the clone, Vasa (red) labels germ cells and Zfh1 (blue) CySCs and early cyst cells; the hub is indicated by a dotted line. GFP-labeled *hpo* mutant clones were generated by the MARCM technique and analyzed at 2 (B) and 14 dpci (C). Arrow (C, C') shows displacement of wild-type GSCs by *hpo* mutant CySCs.\
D Variation of average size of *hpo* mutant clones as a function of time. The data points (boxes) show the mean fraction of labeled CySCs in persisting clones. The black line shows a fit of the neutral drift model, modified to have a bias in favor of the labeled cell, to the data using an induction frequency of 10%. The dashed orange line represents the predicted clonal evolution if only a single CySC clone were induced with a time-shift of 3 days with the same set of parameters. For details of the biased drift model and the notation, see Supplementary Materials and Methods. *n* = 69, 64, 71, 43 for 2, 7, 14, 28 dpci, respectively. Error bars denote SEM.\
E Distribution of clone sizes of persistent *hpo* mutant clones. The boxes show experimental data, and lines show the predictions of the model. Error bars denote SEM.\
F Graph showing the number of GSCs at 14 dpci when CySC clones of the indicated genotype were present. Asterisks denote statistically significant change for the comparisons indicated. *n* = 26 (control), 36 (*ptc*), 47 (*hpo*), 15 (*hpo*; *stg*/+). Error bars denote SEM.\
G, H Yki^Act^-overexpressing clones outcompeted both CySCs and GSCs at 14 dpci. Graph in (G) shows the number of GSCs when clones overexpressing Yki^Act^ were present. Asterisks denote statistically significant change for the comparisons indicated. *n* = 15 (control), 19 (UAS-Yki^Act^). Error bars denote SEM. Clones are green (single channel H'), Vasa is red (single channel H"), and Tj is blue (single channel H"'). The hub is indicated by a dotted line.](embj0033-2295-f7){#fig07}

We applied the same quantitative analysis to *hpo* mutant clones as described above for *ptc* mutant clones. Noting that the labeling efficiency of the CySC was comparable to that of the control and *ptc* mutant (at around 10%), we used the same strategy to analyze the clonal fate data. In doing so, we found that the behavior of *hpo* mutant clones was consistent with a bias in neutral drift in favor of the mutant cell (Fig [7D and E](#fig07){ref-type="fig"}, compare lines and boxes), quantitatively similar to the trend we found for *ptc* mutant clones (compare Fig [7D and E](#fig07){ref-type="fig"} with Fig [2C and D](#fig02){ref-type="fig"}). Indeed, within error bars, we could discern no distinction between the bias for *ptc* and *hpo* mutants. Furthermore, *hpo* mutant CySCs displaced GSCs from the niche (Fig [7F](#fig07){ref-type="fig"}, *P* \< 0.0001 *hpo* versus control), similar to the competitive behavior of *ptc* mutant clones (Fig [7F](#fig07){ref-type="fig"}, *P* \< 0.0001 *ptc* versus control). Like *ptc*-dependent niche colonization, the loss of GSCs caused by *hpo* mutant CySCs could be suppressed by removing one copy of *stg* (Fig [7F](#fig07){ref-type="fig"}, dark red bar, *P* \< 0.0001 *hpo* versus *hpo*; *stg*/+).

We next tested the role of the Hpo pathway effector Yki in niche competition. Clonal mis-expression of an activated form of Yki (Yki^Act^ (Oh & Irvine, [@b42])) resulted in CySC clones that out-competed wild-type CySCs and GSCs at the niche (Fig [7G and H](#fig07){ref-type="fig"}, *P* \< 0.0014). Consistent with an essential role of *yki* in CySCs, we found that *yki* was required autonomously for self-renewal in CySCs but not in GSCs (Fig [8A, E and F](#fig08){ref-type="fig"}), the latter consistent with a prior report (Sun *et al*, [@b56]). Finally, we addressed whether Hh and Hpo, two proliferative pathways in CySCs, were epistatic. To test this, we generated clones that were mutant for both *ptc* and *yki*, with the expectation that loss of *yki* would suppress the competitiveness in *ptc* mutant CySCs. Indeed, CySCs lacking *ptc* and *yki* did not overproliferate and colonize the niche (Fig [8B, C and E](#fig08){ref-type="fig"}, compare red to purple line), indicating that Hpo is epistatic to Hh signaling in the testis. However, we observed no change in expression of the Yki target gene *ex-lacZ* in *ptc* mutant clones (Fig [8D](#fig08){ref-type="fig"}, arrow), suggesting no direct link between these pathways in this tissue. These data establish Yki as a central regulator of somatic stem cell fate in the testis and suggest a parallel requirement for the Hh and Hpo pathways in CySC proliferation, through independent or convergent control of cell cycle progression genes.

![Hh and Yki regulate niche competition and self-renewal independently\
A--C *yki* mutant CySCs did not self-renew (A) and loss of *yki* suppressed the *ptc* colonization phenotype (C). Testes with negatively marked *yki* (A), *ptc* (B), or *ptc yki* double mutant (C) clones at 7 dpci. Absence of GFP (single channel A', B', C') marks the clones, Vasa (single channel A", B", C") is red, and Tj (single channel A"', B'", C'") is blue. Arrows point to differentiated mutant cyst cells in (A) and (C).\
D *ptc* mutant clones (arrow) did not display increases in *ex-lacZ* expression compared to wild type (arrowhead). Clones are labeled by GFP (single channel D'), β-gal is in red (single channel D"), and Zfh1 is in blue (single channel D'"). The hub is outlined with a dotted line in all panels.\
E Graph of clone recovery rates over time for the indicated genotypes. *n* = 61, 21, 88 for control at 2, 7, 14 dpci, respectively; *n* = 46, 39, 89 for *ptc* at 2, 7, 14 dpci, respectively; *n* = 50, 94, 35 for *yki* at 2, 7, 14 dpci, respectively; *n* = 40, 59, 64 for *ptc yki* at 2, 7, 14 dpci, respectively; *n* = 39, 67 for *hpo* at 2, 14 dpci, respectively.\
F *yki* mutant GSCs could be recovered at 2 and 7 dpci. *yki* mutant CySCs could be recovered at 2 dpci but not 7 dpci. *n* = 61, 21 for control at 2, 7 dpci, respectively. *n* = 50, 94 for *yki* at 2, 7 dpci, respectively.](embj0033-2295-f8){#fig08}

Discussion
==========

In this study we characterized the behavior of somatic CySCs in the *Drosophila* testis and explored the molecular mechanisms that regulate their ability to compete with their neighbors for limited space at the niche. We found that single stem cell clones bias stem cell replacement dynamics in their favor, leading to non-neutral competition, when they had increases in Hh signaling, Yki activity or in the rate of proliferation, but not when JAK/STAT signaling or adhesion were dys-regulated. Furthermore, we found that the dynamics of CySCs were well-described by a model in which they were continually and stochastically lost and replaced, leading to neutral drift dynamics and a consolidation of clonal diversity.

This observation contrasts with the dynamics of GSC offspring fate choices, where oriented divisions and mother centromere retention determine which cells remain as stem cells and which are thrust out of the niche to differentiate (Yamashita *et al*, [@b71], [@b72]; Sheng & Matunis, [@b50]). However, careful analysis of GSC dynamics has suggested that they also undergo neutral competition, albeit at a slower loss/replacement rate than CySCs (Wallenfang *et al*, [@b67]; Sheng & Matunis, [@b50]; Salzmann *et al*, [@b48]). Thus, within the same stem cell niche, two markedly different strategies for self-renewal are in use, exemplified by the requirement for *yki* in CySC self-renewal, but not in GSC self-renewal (this study and Sun *et al*, [@b56]). This is particularly surprising as the two stem cell populations are by necessity linked, in that they need to produce offspring in the correct ratio, as well as the fact that CySCs support GSC self-renewal through BMP production (Leatherman & Dinardo, [@b29]). It has been hypothesized that the careful choice of stem cell retention in the GSC pool is a requirement of their role in preserving the genetic integrity of the species (Yuan & Yamashita, [@b74]). CySCs are under no such constraint, and moreover, need to proliferate twice as fast in order to produce two cyst cells for every germ cyst (Inaba *et al*, [@b21]). Thus it may be that the functional imperatives of the tissue (e.g., careful replication of DNA versus rapid production of offspring) determine which type of self-renewal strategy a stem cell adopts.

Characterizing the testis stem cell niche
-----------------------------------------

Our study revealed an unexpected ratio of CySCs to GSCs, close to 1:1 and different from the 2:1 ratio described by Hardy *et al*. However we note that both studies find the same number of CySCs (approximately 13), and that the difference resides in the number of GSCs. Indeed, Hardy *et al* find a ratio of 1.3 CySCs:1 GSC in larval testes which increases to 1.8:1 in young adults, due entirely to a drop in the number of GSCs (Hardy *et al*, [@b20]). This may be a function of the genetic background used by these authors, as we established our 1:1 ratio through three different experiments in distinct genetic stocks. Although the analysis of the data is consistent with neutral competition between 13 equipotent CySCs, by the nature of the neutral competition model, we cannot rule out the possibility that the stem cell compartment is heterogeneous with cells moving reversibly between states in which they become primed for duplication or loss, as recently defined in the mouse intestinal crypt (Ritsma *et al*, [@b47]). In this case, the effective number of CySCs may be smaller than the observed figure of N = 13, while the true loss/replacement rate, λ, might be proportionately adjusted to a lower value such that the ratio N^2^/λ remains constant.

Mechanisms of niche competition by CySCs
----------------------------------------

Our results also show that the predominant force driving niche colonization by CySCs is proliferation. How proliferation causes stem cells to replace neighbors more efficiently is not established by this study. However, we hypothesize that in such a competitive situation, the rate of stem cell loss is not altered but the overproliferating mutants simply produce more offspring, which are in the right place to fill a vacant seat at the niche. It remains possible that a mechanism of active displacement is involved in CySC dominance (i.e., the colonizing stem cells crowd out the wild-type ones), and live-imaging of competing clones might distinguish between passive replacement and active displacement.

A related issue is how CySCs outcompete GSCs. We found that GSC loss is only observed after most of the CySC pool is comprised of colonizing mutant CySCs (Supplementary Fig [S4F](#sd4){ref-type="supplementary-material"}). We therefore favor the model that competition among CySCs for niche space precedes that between CySCs and GSCs. It is unclear whether the numerous offspring of the competitive CySCs are passively replacing GSCs that have spontaneously left a vacancy at the niche, or whether colonizing CySCs actively push the GSCs out of the niche. The latter scenario is reminiscent of competition among GSCs in the *Drosophila* ovary, where the contact area between the GSC and niche depended on DE-cadherin. GSCs that elevated cadherins adhered better to the niche and caused the physical displacement of neighbors (Jin *et al*, [@b24]; Tian *et al*, [@b61]). We explored the contribution of integrin- and cadherin-based adhesion and found that neither affected the competitiveness of CySCs. Moreover, we found that integrin binding was entirely dispensable for CySC self-renewal, unlike cadherin (Voog *et al*, [@b66]). Importantly, clonal gain of integrin or cadherin did not lead to niche colonization, indicating that they are not instructive for CySC maintenance. Moreover, we found no role for JAK/STAT signaling in inducing competition at the niche. The fact that neither Stat92E nor integrin was causal to colonization in clonal assays is surprising because both were ascribed critical roles in CySC-dependent niche competition (Issigonis *et al*, [@b23]). The reasons for the difference in results by our group and the previous study are not entirely clear. However, we note that gain of Stat92E activity in CySCs in an otherwise wild-type background leads to expansion (not loss) of GSCs because JAK/STAT signaling in CySCs enables their extended niche function to support GSC self-renewal (Leatherman & Dinardo, [@b28], [@b29]). The latter niche role is specific to JAK/STAT signaling in CySCs and cannot be fulfilled by Hh signaling, another CySC self-renewal pathway (Amoyel *et al*, [@b2]). Moreover, our clonal assays (as opposed to lineage mis-expression) are able to recapitulate the constant jostling for space at the niche that normally occurs. Regardless, our findings establish that competition and self-renewal are two facets of the same homeostatic process (i.e., proliferation) and that colonizing stem cells have not acquired a new cellular property, but are simply better at self-renewing.

Our study exemplifies how corrupting the naturally occurring process of neutral competition endows a stem cell with greater competitiveness, enabling it to gain dominance within a tissue. Such behavior may be relevant to the early steps of oncogenesis driven by tumor-initiating cells, which have stem cell-like properties (Reya *et al*, [@b46]), as in the case of carcinoma, glioma and leukemia caused by sustained Hh signaling (Clement *et al*, [@b8]; Zhao *et al*, [@b76]; Youssef *et al*, [@b73]). The process described here of biasing neutral drift by stem cells harboring oncogenic mutations and the mechanism underlying it appear to be conserved (Vermeulen *et al*, [@b65]; Snippert *et al*, [@b55]). Taken together, these findings may explain observations such as field cancerization, in which a molecular lesion spreads through a tissue, causing multiple foci of the primary tumor (Vanharanta & Massague, [@b63]).

Materials and Methods
=====================

Fly stocks and genotypes are described in Supplementary Materials and Methods. For *ptc* mutants, *ptc*^*S2*^ was used in all experiments shown, but similar results were obtained with *ptc*^*IIw*^. *hpo*^*KC202*^ phenotypes were confirmed using *hpo*^*42-47*^.

Freshly eclosed adult males were aged for 1 day and then heat shocked for 1 h at 37°C to induce clones and raised at 25°C until the appropriate time for dissection. For self-renewal assays, CySCs were scored as Zfh1-positive or Tj-positive cells one cell diameter away from the hub, and GSCs as Vasa-positive cells in contact with the hub. For control, *ptc* or *hpo* CySCs, the method of counting is detailed in the text.

Dissections and immunohistochemistry were performed as previously described (Flaherty *et al*, [@b16]). Primary antibodies used were rabbit anti-GFP (1:500, Invitrogen), mouse anti-GFP (1:500, Invitrogen), chicken anti-β-galactosidase (1:250, Immunology Consultants Lab), goat anti-Vasa (1:400, Santa Cruz), rabbit anti-Zfh1 (1:5,000, gift of Ruth Lehmann), guinea pig anti-Zfh1 (1:1,000, gift of James Skeath), guinea pig anti-Tj (1:3,000, gift of Dorothea Godt), rabbit anti-Stat92E (1:1,000), mouse anti-Ptc (1:100, DSHB), rat anti-DE cadherin (1:50, DSHB), mouse anti-βPS-integrin (1:20, DSHB), rabbit anti-cleaved caspase 3 (1:50, Cell Signaling).

For 5-ethynyl-2′-deoxyuridine (EdU, Invitrogen) labeling, samples were incubated for 30 min before fixation in Ringer's medium containing 10 μM EdU. Testes were fixed and processed normally for antibody labeling and then treated per manufacturer's instructions.

For statistical tests, we used the GraphPad Prism software. To compare two samples, we used the Mann--Whitney *U*-test to determine significance; for multiple conditions, we used the Kruskal--Wallis test and the Sidak's multiple comparisons test for *post hoc* analysis.

The mathematical model is described in Supplementary Materials and Methods.
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